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F1FO ATP synthaseTwo of the distinct diversities of the engines A1AO ATP synthase and F1FO ATP synthase are the existence of
two peripheral stalks and the 24 kDa stalk subunit E inside the A1AO ATP synthase. Crystallographic structures
of subunit E have been determined recently, but the epitope(s) and the strength to which this subunit does
bind in the enzyme complex are still a puzzle. Using the recombinant A3B3D complex and the major subunits
A and B of the methanogenic A1AO ATP synthase in combination with ﬂuorescence correlation spectroscopy
(FCS) we demonstrate, that the stalk subunit E does bind to the catalytic headpiece formed by the A3B3
hexamer with an afﬁnity (Kd) of 6.1±0.2 μM. FCS experiments with single A and B, respectively,
demonstrated unequivocally that subunit E binds stronger to subunit B (Kd=18.9±3.7 μM) than to the
catalytic A subunit (Kd=53.1±4.4). Based on the crystallographic structures of the three subunits A, B and E
available, the arrangement of the peripheral stalk subunit E in the A–B interface has been modeled, shining
light into the A–B–E assembly of this enzyme.65 6791 3856.
ry, University of Regensburg,
l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Archaea synthesize adenosine triphosphate (ATP) from adenosine
diphosphate (ADP) and inorganic phosphate by a so-called A1AO ATP
synthase that is distinct from the known F1FO ATP synthases occurring
in bacteria, mitochondria, and chloroplasts. The overall structure of
A1AO ATP synthase can be divided into a cytoplasmic A1 domain that
catalyzes ATP synthesis as well as — hydrolysis, and an integral
membrane part, AO, which serves as an ion channel. The A1 sector
consists of the alternating, nucleotide-binding subunits A and B,
arranged as an A3B3 hexamer, in which catalysis takes place. Subunits
D and F are directly linked to the catalytic hexamer and form together
with subunit C the central stalk and thereby the coupling element for
ion-transport in the AO sector and ATP synthesis in the A3B3 sector
[1,2]. Besides a central stalk, the A1AO ATP synthase comprises two
peripheral stalks, and a collar-like structure, proposed to be composed
of the subunits H, E and a, respectively [3,4]. Both the peripheral stalks
and the collar-like structure are believed to be involved in
constituting the stator region of the enzyme, which is predicted to
have important roles in enzyme assembly as well as energy coupling
between A1 and AO [5]. The peripheral stalk subunit H of themethanogenic A1AO ATP synthase binds with its C-terminus (residues
98–104) to the N-terminal region of the catalytic A subunit
(Kd=206 nM [6]) and is associated with the N-terminal domain of
subunit E via its residues 1–24 [7] as demonstrated by intrinsic
ﬂuorescence spectroscopy and nuclear magnetic resonance spectros-
copy (NMR), respectively. These data reﬂect that subunit H provides a
critical link between the so-called collar-like domain and the catalytic
A subunit. The same function is proposed for subunit E, whose
structural traits have been solved by X-ray crystallography [8–10] and
NMR spectroscopy (10). The protein consists of two segments, the C-
terminal α–β globular head part, with three α-helices and four
antiparallel β-strands as well as the very C-terminal singleα-helix [8–
10]. The N-terminus of subunit E adopts a regularα-helix, which is not
straight but slightly bent at opposite directions [9,11]. The crosier-like
shaped and more than 140 Å long subunit E [9,10] is proposed to be
linked to the A3B3 headpiece via its C-terminal globular domain,
which has been discussed to ﬁt into the knobs at the top of the 3D-
reconstructions of A1AO ATP synthases [4,9]. First binding experi-
ments, using a 23 residue peptide of the N-terminus of subunit B and
truncated forms of subunit E showed a weak interaction (Kd=2mM)
of the C-terminal region of subunit E with the N-terminal peptide of B
[12].
In the presented studies we have determined the binding
constants of entire subunit E to the enzymatic active A3B3D complex
as well as to the recombinant subunits A and B of the methanogenic
A1AO ATP synthase, respectively, in order to localize and quantify the
binding of the peripheral stalk subunit E inside the catalytic A3B3
headpiece.
Fig. 1. (A) Puriﬁcation of the M. mazei Gö1 A3B3D subcomplex by gel ﬁltration
chromatography. The inset in the ﬁgure shows an SDS gel of A3B3D after puriﬁcation via
Superdex 200, with indicated fraction from elution peaks. (B) Binding study of A3B3D to
MgATP ATTO-647N by ﬂuorescence correlation spectroscopy. Normalized autocorre-
lation functions of Atto647N-ATP by increased concentrations of A3B3D.
(C) Concentration-dependent binding traits of ﬂuorescently labeled Mg-ATP to
A3B3D. Best ﬁts yielding the binding constants are represented as ﬁtted line by a
non-linear, Hill curve ﬁt.
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2.1. Cloning and puriﬁcation of the A3B3D complex from Methanosarcina
mazei Gö1
From chromosomal DNA ofM. mazei Gö1 a fragment containing the
genes ahaA, ahaB, and ahaDwas ampliﬁed and a XbaI and KpnI site was
introduced into the 5′ and 3′ end, respectively. The fragmentwas cloned
into pGEM-4Z [13], resulting in plasmid pMG3. The construct contains a
sequence encoding an in frame hexa-histidine tag at the N-terminus of
subunit A. The engineered plasmid was afterwards transformed into E.
coli DK8 cells, which were used to produce the A3B3D subcomplex. The
bacteria cultures were grown at 37 °C and shaken at 180 rpm until an
optical density OD600 was about 0.7. The protein production was
induced by the addition of isopropyl-β-D-thiogalactopyranoside (IPTG).
The cells were harvested at 8500×g for 10 min, 6 °C, ﬂash frozen by
liquid nitrogen and stored at−80 °C.
The cells, containing the A3B3D protein complex, were thawed and
lysed on ice in buffer A (50 mMTris, pH 7.5, 350 mMNaCl, 0.8 mMDTT,
1 mM PMSF, 4 mM PefablocSC) by sonication with a Ultrasonic
Homogenizer (Bandelin, Tip KE76) for 4×1 min. After sonication the
cell lysate was ultra-centrifuged at 100,000×g for 25 min at 4 °C. The
resulting supernatant was passed through an amicon cell (0.45 mm
pore-size) and combined with Ni2+-NTA resin. The His-tagged protein
wasallowed tobind to thematrix for2 hat4 °Cby revolvingon a sample
rotator (Neolab), followed by an imidazole-gradient (0 to 600 mM) in
buffer A. The respective fractions (125–400 mMimidazole)werepooled
and concentrated using a Millipore spin concentrator with a molecular
mass cut-off of 30 kDa and applied to Superdex 200 HR 10/30 gel
ﬁltration column (GE Healthcare). Respectable emerged fractions were
further concentrated in Millipore spin concentrators. The purity of the
protein sample was analyzed by SDS-PAGE [14] which was stained by
Coomassie Brilliant Blue R250. The ATP hydrolysis was performed using
Malachite Green Assay Kit (Cayman) to determine the hydrolytic ability
of the A3B3D complex [15].
2.2. Puriﬁcation of recombinant subunits A, B and E
The recombinant subunits A and B have been described previously
[16]. Subunit E was puriﬁed ﬁrstly by afﬁnity chromatography using
Ni2+-NTA resin. The His-tagged protein was allowed to bind to the
matrix for 2 h at 4 °C by mixing on a sample rotator (Neolab), and
elutedwith an imidazole-gradient (0–250 mM) in buffer comprised of
50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM PMSF and 4 mM PefablocSC.
Subsequently the eluted protein fractions, containing subunit E, were
applied on a size exclusion column Superdex HR75 (10/30, GE
Healthcare). Pure subunit E was eluted with buffer, comprised of
50 mM Tris, pH 7.5 and 250 mM NaCl, and respective fractions were
concentrated in Millipore spin concentrators.
2.3. Determination of MgATP-binding to A3B3D by ﬂuorescence
correlation spectroscopy
Fluorescence correlation spectroscopy (FCS) was performed on an
LSM 510 Meta/ConfoCor 3 (Zeiss, Jena, Germany) using the ﬂuores-
cently labeled ATP analog EDA-ATP ATTO-647N (ATTO-TEC, Siegen,
Germany). The number of ﬂuorescently labeled ATP molecules bound
to the A3B3D-complex was determined to be approximately 2.5. The
number of molecules was determined by FCS using Eq. (3). To
determine the binding degree (number of ATP-molecules bound to
the complex) the number of ﬂuorescence molecules bound to the
A3B3D–MgATP complex was divided by the number of molecules of
Atto647N-ATP alone (Eq. (1)).
N =
1
G 0ð Þ−1 =
1
V  A  c ð1ÞEq. (1) is the calculation of the number of ﬂuorescent molecules from
the amplitudes G(0) of autocorrelation curves. G(0): correlation
amplitude at τ=0, N: average number of ﬂuorescence molecules in the
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concentration of excitable molecules [17].
Bindingdegree =
A3B3D−MgATP complex½ 
MgATP½  ð2Þ
Eq. (2) is the determination of the binding degree.
For the FCS experiment 50 mM Tris, pH 7.5, 350 mM NaCl, 1 mM
DTT containing buffer were used. The temperature was adjusted to
25 °C in an incubation chamber (Zeiss). The 633 nm laser line of an
HeNe633 laser was attenuated to 5 mW and focused into the aqueous
solution by a water immersion objective (40×/1.2 W Korr UL-VIS-IR,
Zeiss). FCS was measured in 15 μl droplets of the diluted ﬂuorescent
derivatives of ATP, which were placed on Nunc 8 well chambered
cover glass. Before usage, the cover glasses were treated with 3% of
gelatin, in order to prevent unspeciﬁc binding and removed by
washing steps with H2O [18]. The following ﬁlter sets were used:
MBS: HFT 514/633, EF1: BP 655–710 IR, EF: none, and DBS: none. Out-
of-focus ﬂuorescencewas rejected by a 90 μmpinhole in the detection
pathway. The confocal detection volume was calculated to beFig. 2. (A) Subunit E was reacted with an Atto488-NHS ester as described under the Mat
Coomassie; lane 2, the ﬂuorogram of the same gel. (B) Binding study of A3B3D to ATTO-488
functions of subunit E by increased concentrations of A3B3D. (C) Concentration dependent b
represented as ﬁtted line by a non-linear, curve ﬁt by a Hill equation.approximately 0.93 ﬂ at λ=655 nm at a numerical aperture NA of
1.2. Solution of Rhodamine 6G (Rho6G) in pure water (Fluka) was
used as references for the calibration of the confocal microscope.
Variable concentrations of protein solutions were mixed after
addition of MgCl2 and ﬂuorescently labeled nucleotide. The drop
was incubated on the glass slip surface for 3 min, which was
monitored by FCS. The ﬂuorescence autocorrelation functions were
determined bymeasurements of at least 10 repetitions with 30 s each.
To analyze the autocorrelation functions of MgATP ATTO-647N bound
to the A3B3D complex models with the diffusion time and the triplet
state were used for ﬁtting (FCS-LSM software, ConfoCor 3, Zeiss). The
diffusion times of ﬂuorescent nucleotide were measured indepen-
dently and the determined value was kept ﬁxed during the ﬁtting of
the FCS data. Based on this, the determination of the binding constants
required only the calculation of the relative amounts of free
nucleotide with the short diffusion time and of the bound nucleotides
with the diffusion time of A3B3D. The calculations of the bound
fractions and the dissociation constants were done by the ConfoCor 3-
software 4.2, Excel2003 and OriginPro 8 SR4. A ‘Standard AC
normalized triplet’ model was used to determine the diffusion timeerials and methods section and applied to an SDS-PAGE. Lane 1, the gel stained with
labeled subunit E by ﬂuorescence correlation spectroscopy. Normalized autocorrelation
inding traits of A3B3D to labeled subunit E. Best ﬁts yielding the binding constants are
Fig. 3. Binding of subunit E to subunit B by ﬂuorescence correlation spectroscopy. (A)
Normalized autocorrelation functions of Atto488-subunit E by increased concentrations
of subunit B. (B) Concentration dependent binding traits of subunit E to subunit B. Best
ﬁts yielding the binding constants are represented as ﬁtted line by a non-linear,
Boltzmann curve ﬁt.
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model for autocorrelations is shown in Eq. (3) derived fromWeisshart
et al. [19] which is used in the ConfoCor 3 software. “The determined
value was ﬁxed for the ﬁtting in the titration experiments, whereby
the ‘Standard AC2 diffusion coefﬁcients normalized triplet’model has
been used, which takes two components in consideration.” The
second parameter was determined by keeping the second diffusion
time free during ﬁtting and veriﬁed also in further titrated
concentrations. The identiﬁed second diffusion time value was
subsequently set as the second diffusion time value. The resulting
bound fractions were analyzed in Windows Excel and visualized
Origin. The standard deviations of the calculated bound-fractions-
data-points were evaluated in Excel. The resulting sigmoidal non-
linear curve ﬁt was used to calculate the binding constant in OriginPro
8. The according autocorrelation functions were normalized in Excel
and graphic ﬁgures were generated in Origin.
G τð Þ = 1 + 1
N
1 +
Fe−
t
τF
1−F
" #
∑
x
i=1
Yi
1 + ττDi
 
1 + τ
τDi S
2
 
1
2
0
BB@
1
CCA ð3Þ
Eq. (3) is the ﬁtting model with free translational 3D-diffusion, x
components and triplet fraction. Di: diffusion constant of particle i, F:
triplet fraction, F=0…1, N: total number of particles, S: structure
parameter, τ: correlation time, τF: triplet time, τDi: diffusion time of
particle i, Yi: relative molecular fraction of particle i, x: number of
particle species, i=1..x.
2.4. Subunit interactions of E with A3B3D and the subunits A and B by
FCS
Using subunit E, which was ﬂuorescently labeled by an Atto488-
NHS ester (ATTO-TEC, Siegen/Germany), the binding of E to the
A3B3D part and the subunits A as well as B has been investigated by
FCS. Prior to the labeling a buffer-exchange was performed three
times in a 3 kDa cutoff centrifugal ﬁlter device (Millipore). The
labeling was performed in 25 mMHepes buffer, pH 8.1 with 150 mM
NaCl for 10 min at room temperature. To remove the excess of dye
the diluted sample was puriﬁed by a size exclusion column (Super-
dex 75 HR 10/30; GE Healthcare), using 50 mM Tris, pH 7.5, 200 mM
NaCl. The labeled protein was further concentrated. The labeling
efﬁciency determined by Biospec-nano Spectrophotometer (Shi-
madzu)was about 83%. During the experiments the temperaturewas
set in an incubation chamber (Zeiss) to 25 °C. Increasing amounts of
A3B3D or recombinant subunits A and B have been added,
respectively. The 488 nm laser line of a 30 mW argon ion laser with
the following ﬁlter sets was used: MBS: HFT 488, EF: none, DBS:
mirror, EF2: LP505 (pinhole: 90 μm). The 15 μl droplet was
equilibrated on gelatin pre-treated Nunc 8-well chambered cover
glass for about 3 min. Solutions of Atto488-NHS ester in Tris buffer
were used as references for the calibration of the ConfoCor 3 system.
Standard autocorrelation two-diffusion-coefﬁcient normalized trip-
let model was used for ﬁtting (FCS-LSM software, ConfoCor 3, Zeiss)
to analyze the autocorrelation functions of subunit E bound to
subunits A, B or the A3B3D-complex alternatively. The diffusion time
of ﬂuorescently labeled subunit E was measured independently, and
kept ﬁxed during the ﬁtting of the FCS titration data. The
determination of the binding constants required the calculation of
the relative amounts of free labeled subunit Ewith the short diffusion
time versus the diffusion time of the larger complex of the non-
labeled protein with subunit E. The calculations of the bound
fractions and the dissociation constants were done as described
above.2.5. A–E and B–E formation and chromatographic separation
To reconstitute an A–E or A–B heterodimer the recombinant
subunits A and E or B and Ewere incubated for 2 h at room temperature
in a molar ratio of 1:1.5. The separation of the A–E or B–E assembly and
theexcess of subunit Ewereperformedbygelﬁltration chromatography
using a Superdex 75 HR 10/30 column (GE Healthcare) in a buffer
compost of 50 mM Tris/HCl, pH 7.5 and 150 mM NaCl. The observed
peak fractions were applied to a SDS-PAGE which was stained by
Coomassie Brilliant Blue G250.
2.6. Modeling of the A3B3E complex
The model of the A3B3 complex was generated by ﬁtting the A1AO
ATP synthase crystal structure of subunit A (PDB 3M4Y, [20]) and
subunit B (green, PDB 2C61, [16]) as described recently. This complex
was chosen for docking studies with the crystallographic structure of
subunit E E101–206 (PDB 3LG8, [21]). The web interface of the protein
docking software GRAMM [22] was used for the docking studies.
GRAMM does a global search using the Fast Fourier Transform
methodology to identify the best rigid body conformations between
the two proteins. The best conﬁguration was scored in GRAMM based
on soft Lennard-Jones potential, evolutionary conservation of pre-
dicted interface, statistical residue–residue preference, volume of the
minimum, empirical binding free energy and atomic contact energy.
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chosen in suchaway that themodel should have almost all residues that
show shift in NMR HSQC spectrum [12], and has some kind of
interaction in the complex. The A3B3 complex E101–206 and the docked
complex were optimized using the program Swiss-PdbViewer 3.7 [23]
by carrying out energyminimization in vacuowith theGROMOS9643B1
parameter set, without reaction ﬁeld as implemented in the program.
For fast energy convergence initially 200 steps of Steepest Descent
protocol was carried out followed by multiple steps of Conjugate
Gradient technique until the derivative convergences to 0.050 kJ/mol.
3. Results and discussion
3.1. Production and characterization of the M. mazei Gö1 A3B3D
subcomplex
The recombinant A3B3D part of the A1AO ATP synthase from M.
mazei Gö1was puriﬁed by afﬁnity chromatography and size exclusion
chromatography, resulting in an highly pure complex with the right
stoichiometry of A3:B3:D (Fig. 1A). As A3B3D forms a subcomplex of
the hydrolytic A1 ATPase its ability to bind its substrate Mg-ATP withFig. 4. Subunit A–E formation. (A) Normalized autocorrelation functions of Atto488-subun
subunit E to subunit A. The binding constant was calculated by determination of the inﬂec
constants are represented as ﬁtted line by a non-linear, Boltzmann curve ﬁt. (C) Elution proﬁl
incubated in a ratio of 1:1.5 for 2 h at room temperature, before applying on a Superdex 75 HR
lanes 1 and 2, respectively. In comparison, the same procedure has been used for the B–E-a
heterodimer (lane 3).high afﬁnity was studied by ﬂuorescence correlation spectroscopy
using the ﬂuorescent ATP-analog ATP ATTO-647N. As an aspired
reference the mean count rate per Rhodamine 6G (Rho6G) ﬂuor-
ophore was determined to be 50.2±3.6 kHz. Compared to Rho6G the
value of MgATP ATTO-647N was 16.7±1.6 kHz. Fitting the autocor-
relation functions resulted in characteristic times of diffusion
τD=71.5±0.7 μs for Rho6G and τD=78.5±1.7 μs for MgATP ATTO-
647N. Fig. 1B shows the ﬁtted autocorrelation curves of MgATP ATTO-
647N in the absence and presence of protein. The addition of A3B3D
resulted in a signiﬁcant change of the mean diffusion time τD. The
diffusion time for Mg-Atto-ATP bound to ABD was determined to be
496.4±42.1 μs. The increase of the diffusion timewas due to a raise in
the mass of the diffusing particle, when MgATP ATTO-647N bound to
the protein complex. The determined bound fractions for rising
concentrations of A3B3D versus MgATP ATTO-647N are shown in
Fig. 1C. An afﬁnity (Kd) of A3B3D bound toMgATP ATTO-647N of 441±
10 nM was determined (Fig. 1C). By comparison, Kd values of MgATP
binding to single subunits A and B have been determined to be
2.38 μM [20] and 22 μM [24], respectively. The ATPase activity of
A3B3D in the presence of MgCl2 was determined to be 1.3 μmol ATP
hydrolyzed/(min·mg).it E by increasing the quantity of subunit A. (B) Concentration dependent binding of
tion points of the normalized autocorrelation functions. Best ﬁts yielding the binding
e and electrophoretic analysis of the assembled A–E heterodimer. Subunits A and Ewere
10/30 column. (D) The samples of peak I and II have been applied on to an SDS-PAGE in
ssembly, resulting in a similar chromatographic pattern with peak I, including the B–E
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The ﬁrst 3D reconstruction of the A1 ATPase from M. mazei Gö1
shows a groove at the top of the A3B3 headpiece, which is formed by
the alternating subunits A and B [25,26], and proposed to form the
binding epitope of one of the peripheral stalks of the A-ATP synthase.
Using the enzymatic active A3B3D subcomplex binding of theFig. 5. (A) Surface representation of the P. furiosus A1AO ATP synthase modiﬁed according to
for Biochemistry and Molecular Biology. (B) ABE model structure of the methanogenic A1AO
synthase crystal structure of subunit A (orange, PDB 3M4Y [20]), subunit B (green, PDB 2C6
and E101–206 (PDB 3LG8 [27]). The so far structurally unresolved segment of amino acids 53
interacting β-sheets of subunits A (orange) and E (red) (D) as well as the amino acid residperipheral stalk subunit E to the A3B3 headpiece of the enzyme
complex has been analyzed by FCS. Increasing amounts of recombi-
nant A3B3D have been added to subunit E, which was labeled by the
ﬂuorophore Atto-488 (Fig. 2A). To calibrate the instrument Rhoda-
mine 6G was used as a reference and a mean count rate of 50.2±
3.6 kHz with a characteristic diffusion time of 71.5±0.7 μs was
determined. A mean count rate of 25.3±1.2 kHz was determined for[11]. Reprinted with permission from this article, copyright 2009, the American Society
ATP synthase in side and (C) top view. The model was generated by ﬁtting the A1AO ATP
1 [16]) and subunit E (red), with the N-terminal NMR structure E1–52 (PDB 2KK7, [11])
to 100 of the methanogenic subunit E is highlighted as a mesh representation. Focus on
ues of subunit B (green) and E (red) involved in B–E binding (E).
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time of 255.9±14.2 μs. The diffusion time for ﬂuorescently labeled
subunit E bound to A3B3D was determined to be 384.2±16.5 μs. The
diffusion times we observed for subunit E are indicating an extended
molecule, which is supported by NMR data of subunit E [11,27]. The
diffusion coefﬁcient of the spherical particles can be calculated by
using the theoretical Stokes–Einstein relation [28]. For rod-like
molecule on the other hand the diffusion coefﬁcient is different due
to the different hydrodynamic properties of elongated molecules in
solution [29].
To determine the binding constant the calculated values of the
ﬁtted autocorrelation functions were plotted as normalized bound
fractions versus the concentration of A3B3D. The addition of protein
caused a signiﬁcant change of the mean diffusion time, which reﬂects
the interaction of Atto488-subunit E with A3B3D (Fig. 2B). To appraise
a binding constant, a curve ﬁtting was performed by using a non-
linear Boltzmann function and a binding constant of 6.1±0.16 μM
was calculated for the interaction of A3B3D to subunit E (Fig. 2C).
3.3. Binding of subunits E and B
Previously the 3D-reconstruction of the A1AO ATP synthase
indicates that one of the peripheral stalks ﬁts into the A–B interface,
with a closer proximity to subunit B [16]. In order to demonstrate the
B–E assembly the binding of ﬂuorescently labeled subunit E to
recombinant B has been studied. Themeasured autocorrelation curves
of the Atto488 labeled subunit E in the absence and presence of non-
labeled subunit B are shown in Fig. 3A. The diffusion time for Atto488
labeled subunit E bound to subunit B was determined to be 331.8±
12.8 μs. The addition of recombinant B caused a signiﬁcant change of
the mean diffusion time τD, indicating binding of both proteins. The
calculated values of the ﬁtted autocorrelation functions were plotted
as normalized bound fractions versus the concentration of subunit B
(Fig. 3B). A curve was ﬁtted into the data points by using a non-linear
Boltzmann function, resulting in a binding constant of 18.9±3.7 μM
for the interaction of subunit B with subunit E (Fig. 3B).
3.4. Assembly of the A1AO ATP synthase subunits A and E
As subunit E is proposed to be allocated in the A–B interface, we
looked for the interaction of subunits A to E, using Atto488 labeled
subunit E. The diffusion time for Atto488 labeled subunit E bound to
subunit A was determined to be 297.0±26.9 μs. As revealed in Fig. 4A
the addition of recombinant A to labeled subunit E caused a strong
increase of themean diffusion time τD, correlating with the increase in
the mass of the diffusing particle, when Atto488-subunit E was
interacting with subunit A. The calculated values of the ﬁtted
autocorrelation functions were plotted as normalized bound fractions
versus the concentration of subunit A. A Kd of 53.1±4.4 μM was
determined for the assembly of subunit A with subunit E (Fig. 4B).
To conﬁrm the A–E formation both subunits A and E have been
incubated for 2 h in a molar ratio of 1:1.5 as described in the Materials
and methods section. Size exclusion chromatography of this mixture
resulted in an elution diagram with two main peaks I–II, consisting of
an A–E assembly (I) and the excess of subunit E (II), indicating the A–E
formation observed in the FCS data described above.
3.5. Arrangement of subunit E inside the A3B3 headpiece
Previously NMR titration experiments, with a peptide of the N-
terminal 23 residues of subunit B and the recombinant C-terminal
globular domain of the Thermoplasma acidophilum A1AO ATP synthase,
consisting of the residues 83 to 185 of subunit E, have shown that both
peptides interact with an afﬁnity of 2 mM [12]. However, these
studies also showed that the N-terminal peptide of subunit B binds to
the C-terminal domain of subunit E only with the later being incomplex with the C-terminal peptide of subunit H, H91–111 [12].
Although it has been observed that subunit E of the T. acidophilum as
well as the T. thermophilus A1AO ATP synthase would be fragile in the
absence of subunit H [8], the recent [27] and the present study show
that a single and stable subunit E can be isolated, which does
efﬁciently bind to the A3B3D complex (Kd=6.1±0.16 μM) as well as
to the single subunits A (Kd=53.1±4.4) and B (Kd=18.9±3.7 μM),
respectively, with a stronger binding to B. The recent NMR solution
[11] and crystallographic structure [10] of the N- and C-terminus of
subunit E from the methanogenic A1AO ATP synthase reveal this
subunit as a crosier-like shape of more than 140 Å in length with a
slight twist in the N-terminal and α-helical segment, concordant with
the crystallographic structure of subunit E of the T. thermophilus A1AO
ATP synthase [9]. As described for theM. jannaschii A1AO ATP synthase
[26] and conﬁrmed in 3D-reconstrutions of the Pyrococcus furiosus
enzyme [4] one of the peripheral stalks has a kinked feature in the
lower part, giving this region the ﬂexibility to bind along the A–B
interface and end up as a cap on the top of the A3B3-hexamer (Fig. 5A).
Based on the data described above, we have modeled the structure of
the methanogenic E subunit relative to the atomic structures of
subunits A [20] and B [16], indicating the bend, formed by the N-
terminal region of E, which is in close proximity with subunit B. The
curvature (Fig. 5B) is nicely in line with the one observed in the 3D-
reconstruction shown in Fig. 5A. The curveted peripheral stalk binds
with its globular C-terminal region in the A–B interface at the top of
the enzyme (Fig. 5C). This brings the two N-terminal β-sheets of
subunit A, including Ile177 to Thr179 and Leu187 to Gly182, and the
two β-sheets of subunit E (Ala168–Ile172 and Leu179–Asp183) close
together, enabling a hydrogen bonding interaction between them
(Fig. 5D). At the same time the very C-terminus of subunit E interacts
via its positively charged Arg198 and its hydrophobic residue Ile201 to
the residues Glu19 and Val18 at the very N-terminus of subunit B,
respectively (Fig. 5E). Taking into account that the A3B3 headpiece of
themethanogenic A1AO ATP synthase is about 94 Å high and the collar
domain 45 Å below the headpiece [12,26], the subunit arrangement
presented would enable the 140 Å long subunit E to connect both, the
N-terminal A–B interface and the collar segment (Fig. 5A).
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